Telomeres are composed of TTAGGG repeats and located at the ends of chromosomes. Telomeres protect chromosomes from instability in mammals, including mice and humans. Repetitive TTAGGG sequences are also found at intrachromosomal sites, where they are named as interstitial telomeric sequences (ITSs). Aberrant ITSs are implicated in chromosomal instability and found in cancer cells. Interestingly, in pigs, vertebrate telomere sequences TTAGGG (vITSs) are also localized at the centromeric region of chromosome 6, in addition to the end of all chromosomes. Surprisingly, we found that botanic telomere sequences, TTTAGGG (bITSs), also localize with vITSs at the centromeric regions of pig chromosome 6 using telomere fluorescence in situ hybridization (FISH) and by comparisons between several species. Furthermore, the average lengths of vITSs are highly correlated with those of the terminal telomeres (TTS). Also, pig ITSs show a high incidence of telomere doublets, suggesting that pig ITSs might be unstable and dynamic. Together, our results show that pig cells maintain the conserved telomere sequences that are found at the ITSs from of plants and other vertebrates. Further understanding of the function and regulation of pig ITSs may provide new clues for evolution and chromosomal instability.
Telomeres are located at the ends of liner chromosomes, protecting chromosomes from instability [1] . The telomeric hexanucleotide (TTAGGG) n repeat sequence is conserved in a wide range of species from invertebrates, including fish, amphibian and reptiles, to vertebrates, including mouse, human and pig [2] , whereas the telomeric repeat of most plants is the heptanucleotide TTTAGGG [3, 4] . The (TTAGGG) n repeat is also found at intrachromosomal sites, including those repeats located close to the centromeres, and at interstitial sites, namely, the sites between the centromeres and telomeres, in which case the repeats are called interstitial telomeric sequences (ITSs) [5] [6] [7] . ITSs have been described in many species, including fish [8] [9] [10] [11] , chicken [12] , mouse [13, 14] , Chinese hamster [15, 16] , primates [17] , Arabidopsis [18] wheat [19] , and human [20, 21] . ITSs might originate from ancestral intrachromosomal rearrangements (inversions and fusions), from differential crossing-over or from the repair of double-strand break during karyotype and genome evolution [7, 20, [22] [23] [24] . Based on their sequence organization and genomic location, two types of ITSs have been identified: type I. heterochromatic ITSs (het-ITSs), with large (up to hundreds of kb) stretches of telomeric-like DNA localized mainly at centromeres; type II. short ITSs (s-ITSs), with short stretches of telomeric hexamers distributed at the internal sites of the chromosomes [25] . Het-ITSs have only been described in some vertebrate species and might represent remnants of evolutionary chromosomal rearrangements, whereas s-ITSs are probably present in all mammalian genomes [25] .
The origin and function of ITSs are still of interest in biomedicine. ITS loci are polymorphic and stretches of exact internal telomeric repeats can be highly unstable, like microsatellites [26] . In sporadic gastric tumors, ITS loci with both microsatellite instability (MSI) and without MSI in their chromosome are unstable [26] . Cytogenetic studies showed a relationship between the location of ITSs and fragile sites [17] . Telomere-associated proteins also bind to ITS region, and the reported presence of TRF1 and TRF2 at ITS loci suggest that these proteins might favor Kudependent non-homologous end-joining of double-strand breaks [27, 28] . Recently, the binding of human telomeric proteins to ITS was found to influence gene transcription [29, 30] .
Pig ITSs sequences that are homologous to segments of human chromosomes 1 and 19 were found to be located approximately at the centromeric region of chromosome 6 [31] . These ITS, therefore, can be considered as het-ITSs. We aimed to further characterize the origin and length regulation of ITSs using pig cells as a model, because, in pigs, ITSs have only been found at the centromeric region of chromosome 6. With the exception of nematodes and arthropods, the (TTAGGG) n repeat is conserved in most Metazoa [2] . Unexpectedly, we found both vertebrate and botanic telomeric sequences (bITSs and vITSs) at ITS of pig chromosome 6. This novel finding of plant (TTTAGGG) n telomeric repeats in mammal may provide new clues into the involvement of telomeres in species evolution and a possible interpretation for the specific characteristics of pig telomeres. Furthermore, we show that the lengths of vITSs are associated with the length of terminal telomeres (TTSs) and are dynamic and unstable.
Materials and methods

Cell isolation and culture
The use of the animals for this research was approved by the Institutional Animal Care and Use Committee at Nankai University, China. Mouse embryonic fibroblasts isolated from our laboratory and routinely stored in liquid nitrogen were also used for comparison of telomere length. Fibroblasts from fetal (embryonic day 50), newborn (8 days after birth), and adult (3-4 months old) Yorkshire pigs were isolated by a standard tissue-attachment method used in our laboratory. Briefly the tissues were peeled, minced into 1 mm×1 mm pieces, placed onto culture dishes, and incubated in Dulbecco's Modified Eagle Medium (DMEM) (GIBCO, Invitrogen, Carlsbad, CA, USA), containing 10% fetal bovine serum (FBS) (Thermo Scientific, San Diego, USA). Gelatinous bone marrow from femurs and tibias and of fetal and newborn piglets was extracted under sterile conditions. The bones were rinsed with DMEM after both ends were cut. The recovered cells were centrifuged, resuspended, and plated onto culture dishes. DMEM, with 15% FBS, was changed every other day. Cells were passaged every 3 or 4 days until the cells reached 90% confluence. Fibroblasts from Taihu pigs were provided by Lai LiangXue from Guangzhou Institute of Biomedicine and Health, Chinese Academy of Sciences.
Pig induced pluripotent stem (iPS) cell lines (JN1 and JN2) were generated from mesenchymal cells by transduction with four Yanamaka factors [32] . Cells were cultured with DMEM medium with 15% FBS. Then, 5×10 4 cells per 6-well plate were transduced with pMXs-based retroviral vectors (pMXs-Sox2, Klf4, Oct4, c-Myc). After infection, the cells were replated in 10 mL iPS medium containing knock-out DMEM medium (Invitrogen, CA, USA) added with 20% FBS, 1000 U mL 1 LIF, 4 ng mL
mmol L 1 L-glutamine and 0.1 mmol L 1 nonessential amino acids added. Three days after infection, the cells were passaged on mouse embryonic fibroblast (MEF) feeders and the medium was changed every day. Embryonic stem cell (ESC)-like colonies were picked and passaged using standard protocols.
Chromosome spreads and telomere quantitative fluorescence in situ hybridization (Q-FISH)
Cells including pig and mouse were incubated with 0.2 g mL 1 nocodazole (Sigma, St. Louis, MO, USA) for 3-5 h to enrich the cells at metaphase. Chromosome spreads for the different cells were made using a routine method. The metaphase-enriched cells were exposed to hypotonic treatment with 75 mmol L 1 KCl solution, fixed with methanol:glacial acetic acid (3:1) and spread onto clean slides. Telomere FISH and quantification were performed as described previously [33] , except that 5′FAM-(TTTAGGG) 3 and 5′TAMRA-(TTAGGG) 3 DNA probes were used for the detection of telomeres, and fluorescence isothiocyanate (FITC)-labeled (CCCTAA) 3 peptide nucleic acid (PNA) probe was used for quantification of telomeres. Telomeres were denatured at 80°C for 3 min and hybridized with the telomere PNA probe (0.5 g mL 1 ) (Panagene, Daejeon, Korea). Chromosomes were stained with 0.5 g mL 1 DAPI.
Fluorescence from chromosomes and telomeres was digi-tally imaged on a Zeiss microscope with FITC/DAPI filter sets, using AxioCam and AxioVision software 4.6 (Carl Zeiss, Germany). For quantitative measurement of telomere length, telomere fluorescence intensity was integrated using the TFL-TELO program (kindly gifted by P. Lansdorp, Terry Fox Laboratory, Vancouver, Canada). More than 30 metaphase spreads from each cell line were examined.
Telomere chromatid orientation (CO)-FISH
Strand specific CO-FISH was performed according to Bailey et al. [34] , with minor modifications. Sub-confluent cell monolayers were incubated with 5′-bromo-2′-deoxyuridine (BrdU) for 8 h. Nocodazole was added for the last four hours prior to cell harvest and metaphase spreads were prepared by standard cytogenetic method as described above. Chromosome preparations were stained with Hoechst 33258 (0.5 g mL 1 ), incubated in 2× SSC (Invitrogen) for 20 min at room temperature (RT) and exposed to 365-nm UV light (Stratalinker 1800 UV irradiator) for 40 min. The 5′-bromo-2′-deoxyuridine-substituted DNA was digested with exonuclease III (Promega). The slides were then dehydrated through cold ethanol series and air-dried. PNA-FISH was performed with fluorescein-OO-(CCCTAA) 3 (Bio-Synthesis Inc, Texas USA). Slides were hybridized, washed, dehydrated, mounted and counterstained with VectaShield antifade medium (Vector), containing 0.1 g mL 1 DAPI. Digital images were captured using a CCD camera on a Zeiss Axio-Imager Z1 microscope equipped with Metasystems Isis software (Carl Zeiss, Germany).
Plant chromosome preparation and FISH
Root tips of Horsebean (Vicia faba Linn) and Hyacinthaceae (Hyacinthus orientalis L.) were treated in 4 mol L 1 amiprophos-methyl (APM) for 3 h. Root tips were digested in an enzyme mixture including 2.5% (w/v) cellulase and pectinase for 1 h, double distilled water for 20 min and Carnoy's fixation (3:1, methanol:acetic acid, v/v). Finally, root tips were smeared on a slide and dried with hot air. Slides with metaphase spread chromosomes were treated with 70% deionized formamide in 2×SSC at 70°C for 2 min and dehydrated in a 20°C ethanol series (70%, 85%, and 100% ethanol; 5 min each). Ten microliters of hybridization mixture was applied to each slide and sealed under a coverslip (18 mm×18 mm) with rubber cement. After overnight incubation the coverslips were removed and the slides were washed at room temperature 10 min with 4× SSC/0.2% Tween 20 at 37°C. The slides were then mounted in antifade solution (Vectashield) with DAPI.
Statistical analysis
Linear relationships and regression analyses were performed using SigmaPlot 8.0 (Systat Software, San Jose, CA, USA). Significant differences were defined as P<0.05, 0.01, or lower.
Results
Both vertebrate and botanic telomeric sequences were found at the interstitial region of pig chromosome 6
Chromosome spreads of various pig cells were analyzed by G-banding, following FISH using 5′-FAM-(TTTAGGG) 3 (botanic telomeric sequences, bITSs) and 5′-TAMRA-(TTAGGG) 3 (vertebrate telomeric sequences, vITSs) DNA probes. We found that vITSs (TTAGGG) n repeats were hybridized at the terminal and interstitial regions ( Figure 1B ), while bITSs (TTTAGGG) n were only at the interstitial region of pig chromosome 6 ( Figure 1A ). High-resolution FISH and G-banding allowed the arrangement of bands in the long arm of chromosome 6 to be specified ( Figure  1C -E); vITSs were likely at q21-22 bands of chromosomes 6 as previously shown [31, 35] , and bITSs were mapped to the q22-23 bands of the same chromosome ( Figure 1E ). Although the vITSs and bITSs partial overlap, they were still discernible ( Figure 1E ). Most bITSs are (TTTAGGG) n repeats [3, 4] , whereas vertebrate (TTAGGG) n repeat occasionally appears in plants [4] , such as some members of the Asphodelaceae family [36, 37] and Arabidopsis [38] . These differences presumably could result from a mutation in the template region of telomerase [39] . Although, thus far, plant (TTTAGGG) n sequences had never been reported in Metazoa [2, 40] , we identified bITSs in domestic pigs that again co-localized with vITS ( Figure 2) . Thus, for the first time, plant telomeric (TTTAGGG) n repeats have been observed in pig genomes.
Pig telomeres share vertebrate and plant characteristics
Chromosomes spreads of horsebean, members of the Hyacinthaceae family (Asparagales order), mouse and pig were hybridized with the 5′-FAM-(TTTAGGG) 3 and 5′-TAMRA-(TTAGGG) 3 DNA probes. We found that most of the plant telomeres exhibited Arabidopsis-type telomeric sequence (TTTAGGG) n repeats with no vertebrate (TTAGGG) n repeats, for example, Canavalia ensiformis (horsebean) ( Figure 3A ). In addition, telomere doublets were found in horsebean. However, we found both bITS and vITS repeats in members of the Hyacinthaceae family, the signals for the vertebrate telomere (TTAGGG) n repeats were much stronger at the ITSs than at the TTSs ( Figure  3B ). In contrast, normal mammalian cells seemed to have very few telomere doublets; took mouse for example, telomere doublets were rarely found at TTSs ( Figure 3C ). Moreover, no vITSs were found in mouse telomeres, although both bITS and vITS were detected in pig cells. We also observed telomere doublets at pig telomeres ( Figure  3D ). These findings suggest that, in botanic telomere evolution, a switch-point might have occurred when the Arabidopsis-type telomere was replaced by the typical vertebrate telomere in Asparagales [36, 37] . The identification of bITSs in pig telomeres suggests that plant and vertebrate telomeres share certain characteristics, perhaps implicating telomeres in evolution. Typical terminal telomeres are not obvious at the end of chromosomes; however, both bITSs and vITSs appear at interstitial loci and telomere doublets can also be seen. C, Chromosome spread of representative telomeres of mouse embryonic fibroblast. The (TTAGGG) 3 probes were positively hybridized at the end of chromosomes. D, Chromosome spread of typical telomeres of pig. The (TTAGGG) n repeats are found at the ends and at the interstitial region of chromosomes. Repetitive (TTTAGGG) n repeats found only at the interstitial centromeric region of the chromosomes. Green dots, botanic telomeric sequences; red dots, vertebrate telomeric sequences; blue, DAPI-stained chromosomes; yellow arrows, ITSs of the vertebrate and plant; pink arrows, telomere doublets.
Dynamics of vITSs in association with TTSs
Correlation analysis of vertebrate TTSs and vITSs by Q-FISH found that the lengths of vITSs varied and that the vITS length variations were highly correlated with the lengths of TTSs of various pig cell types (Figure 4 ). Polymorphisms in vITSs were also detected in the pig cells. The length of the pig vITSs ranged from 15.8 to 46.35 telomere fluorescence units (T.F.U.) (about 11.7-34.2 kb, estimated by Telomere Restriction Fragment (TRF)), in fetal fibroblast. Pig ITSs were longer than human ITSs with about 500700 bp, and shorter than hamster ITSs with 250500 kb [16] . The ITSs were, on average, longer than the TTSs in directly compared and again the length of the vITSs changed with the TTS lengths ( Figure 4F ). The ITSs were found to be highly correlated with the TTSs by regression analysis (Figure 4G-I) . Together, pig ITSs are dynamic and highly correlated with the TTSs.
Telomere doublets and telomere sister chromatid exchange (T-SCE) at the interstitial region
We analyzed rates of T-SCE by CO-FISH [34, 41] . The nascent DNA strand was labeled with BrdU and specially digested. The sister chromatid with the weaker telomere signals indicative of T-SCE could be observed in metaphase spreads. We selected a few pig cell types (newborn fibroblasts, newborn mesenchymal cells and iPS cells) for the T-SCEs analysis. The frequency of T-SCEs was generally high in the TTSs of pig cells (Figure 5A-D) . Similarly, T-SCE was also found in the interstitial region of chromosome 6 albeit at a lower frequency than in the TTSs ( Figure  5C ). The telomere doublets were consistently detected at both TTSs and ITSs in pig cells ( Figure 5A , B, E, F) and the doublets still existed at the ITSs after digestion and hybridization ( Figure 5B ). Telomere doublets could indicate instability of ITSs and TTSs.
Discussion
In this study, we showed vITSs and bITSs are present at the centromeric loci of chromosome 6 in pig cells. Furthermore, we demonstrated that the length of ITSs is not fixed, but rather it is dynamic. Moreover, dynamics in lengths of vITS are correlated with that of TTSs.
During evolution, (TTAGGG) n repeats have been conserved in Metazoa with the exception of Nematoda and Arthropoda that have (TTAGC) n and (TTAGG) n repeats, respectively [2] . Pig telomeres had conserved (TTAGGG) n repeats as reported in other vertebrates [31, 42] . Most plants have (TTTAGGG) n repeats as found, for example, in Arabidopsis telomeres [3, 4] . In the monocot plant Asparagales order, the Arabidopsis-like telomere (TTTAGGG) n repeats switched to human telomeric (TTAGGG) n repeats [4] . This switch has been associated with telomerase activity, and was likely caused by a mutation that altered the RNA template subunit of telomerase [37] . Telomerase has low fidelity and this may have implications for the binding of telomeric proteins [4] . For the first time in Metazoa, we found Arabidopsis-like telomere (TTTAGGG) n repeats at the ITSs of chromosome 6 in pig cells. Interestingly, we also found that vITSs and bITSs existed together in the interstitial centromeric region in plants belonging to the Hyacinthaceae family, but unlike pig ITSs, they were on several different chromosomes.
Lengths of vITSs vary in different pig cell types and correlate with lengths of TTSs. The lengths of vITSs decrease in pig cells during subculture and increase in iPS cell lines. The length of the vITSs also changed with TTSs in pig primary cells as well as in iPS cell lines. Telomere doublets have often been reported to resemble fragile sites [43, 44] . These doublets may be associated with telomeric repeat-containing DNA circles (t-circles) [4] . T-SCE detected by CO-FISH also can indicate telomere recombination [45] . Telomere doublets and T-SCEs are frequently found in different numbers at the TTSs of various pig cells lines. Telomere doublets and T-SCEs also appear at the interstitial loci in pig telomeres, but are rarely found in normal human and mouse telomeres. The frequency of telomere fragile sites or doublets was found to increase in aphidicolin-induced or TRF1 null mouse cells [43] . TRF1 deficiency leads to telomere fragility and fusion. However, pig telomeres did not show chromosome fusion even after 12-19 passages during subculture, despite being accompanied by an increased frequency in telomere doublets. Natural horsebean and Hyacinthaceae were also found to have telomere doublets in their chromosomes. It has been suggested that the fragility of het-ITSs is related to their propensity to form secondary structures promoting recombination events [46] . In some plants, such as Serissa, Vestia and Cestrum, the typical terminal telomere is not detected, and it has been proposed that they may rely on alternative pathways including t-loops, t-circles, rolling circle replication and recombination for telomere maintenance [4] . Despite completely speculative, pig cells may use part of the telomere regulatory mechanisms in plants to maintain the lengths of their ITSs. The mechanisms underlying the length dynamics of ITSs requires further investigation.
It may be possible to infer the functions of ITSs from the association of heritable diseases with ITS polymorphic variants, in both copy number and sequence [26] . This is one of the most attractive aspects of ITS studies because it could lead to the identification of new and useful markers for genetic linkage studies, forensic applications, and detection of genetic instability in tumors. It is interesting to note that in Hyacinthaceae, the telomeres at the ITSs are remarkably longer than at the TTSs. Therefore, although these plants do not have sufficient telomeres at the TTSs, they can still grow fast, suggesting that the long telomeres at the ITSs may be critical to maintaining cell proliferation. The presence of het-ITSs may relate to chromosomal instability [45] . Indeed, increased ITS loci were observed in gastric carcinoma cells [26] and damaged Chinese hamster cells [46, 47] . In addition, plants [4] and immortalized cells without typical terminal telomeres [47] , may use similar mechanism for telomere maintenance, for example, the pig ITSs. Further understanding of the mechanisms underlying dynamics and significance of vITSs in pig cells may provide new clues for evolution, chromosomal instability and tumorigenesis. 
